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(54) Method for forming diamond film 

(57) In a method for forming a diamond film by a high- 
frequency plasma CVD method, an inductive coupling 
discharge is used and the frequency of a high-frequency 
wave is set in the range of from 40 to 250 MHz, whereby 
a starting gas (8) containing carbon is decomposed in a 
plasma state and a diamond film is formed on a substrate 
(3). 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to a method for forming a diamond crystal film, which exhibits excellent properties 
when used as an electronic material or a high-wear resisting material. 

10 Related Background Art 

Diamond has various properties, such as a great band gap (5.5 eV), great carrier mobilities (1800 cmWS for 
electrons, 1600 cm 2 /VS for holes), a great thermal conductivity [2000 W/(nrK)], and further such as high hardness and 
excellent wear resistance, which are not obtainable with other materials. 
is Therefore, recent progress is remarkable in studies for synthesizing diamond in a vapor phase, Particularly in studies 
of the chemical vapor deposition method (CVD method). 

Main methods for forming diamond are as follows: 

(1 ) A hot filament CVD method in which a filament, for example, of tungsten is heated to about 2000 °C to decompose 
20 a starting gas, and then to deposit diamond crystals on a substrate. 

(2) A microwave plasma CVD method in which a starting gas is decomposed by microwave (usually 2.45 GHz) 
plasma thereby to deposit diamond crystals on a substrate. 

(3) An RF plasma CVD method in which a starting gas is decomposed by RF (usually 13.56 MHz) plasma thereby 
to deposit diamond crystals on a substrate. 

25 (4) A burning flame method in which diamond crystals are formed using oxygen-acetylene flame. 

(5) An ECR plasma CVD method in which a starting gas is decomposed by ECR (electron cyclotron resonance) 
discharge caused by a combination of a microwave with a magnetic field thereby to form diamond crystals on a 
substrate. 

(6) A hot plasma CVD method in which a starting gas is decomposed by hot plasma caused by a direct current or 
30 a high-frequency wave under a pressure in the vicinity of the atmospheric pressure thereby to form diamond crystals 

on a substrate. 

(7) A plasma CVD method using plasma in the ultrashort wave (30-300 MHz) region, as disclosed in Japanese 
Patent Application Laid-open No. 5-32498. 

35 However, the above conventional methods for forming diamond crystals had the following problems: 

The hot filament CVD method (1) has a capability of forming a large-area diamond film and shows a relatively high 
forming rate of diamond crystals. On the other hand, it has such a drawback that the filament is carbonized or degraded 
with time and thereby reproducibility of diamond formation is poor. 

The microwave plasma CVD method (2) can achieve a high plasma density, a relatively high formation rate of dia- 
40 mond crystals, and good reproducibility. However, it has such a drawback that the plasma is likely to be localized and it 
is difficult to form a large-area diamond film. 

The RF plasma CVD method (3) has a capability of forming a large-area film and good reproducibility. However, it 
has such drawbacks that the plasma density is low and that the formation rate of diamond crystals is very low. 

The burning flame method (4) can achieve a very high forming rate of diamond crystals. However, the reproducibility 
45 is poor and it is difficult to form a large-area film. 

The ECR plasma CVD method (5) has a capability of forming a large-area film and good reproducibility. On the 
other hand, a low pressure (usually not more than 100 Pa) is required for generation of ECR discharge, which results 
in such a drawback that the forming rate of diamond crystals is low. 

The hot plasma CVD method (6) has a very high forming rate of diamond crystals and good reproducibility. However, 
so it is difficult to form a large-area film. 

The plasma CVD method (7) using the high-frequency wave in the ultrashort wave region has easiness to form a 
large-area film and high reproducibility. In addition, it has such a high plasma density as to provide a relatively high 
diamond forming rate, but a further improvement in the diamond forming rate has been desired. 

55 SUMMARY OF THE INVENTION 

The present invention has been accomplished to overcome the above-described problems and an object of the 
present invention is to provide a method for uniformly forming a diamond crystal film with good reproducibility, at a high 
speed, and in a large area. 
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The above object can be accomplished by a method for forming a diamond film by a high-frequency plasma CVD 
method, which comprises applying an inductive coupling discharge and setting a frequency of a high-frequency wave 
in the range of 40 to 250 MHz, thereby decomposing a starting gas containing carbon in a plasma state and forming a 
diamond film on a substrate. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows an embodiment of a plasma CVD apparatus used in the present invention; 
Fig. 2 is a drawing to show a dependence of plasma density on frequency; and 
10 Fig. 3 shows another embodiment of the plasma CVD apparatus of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention will be described in detail below. 

is The present invention has been accomplished based on reexamination of the method for forming a diamond crystal 
or diamondlike carbon film at a high forming rate and also in a large area, particularly of the method for generating plasma. 

In the microwave discharge (usually 2.45 GHz), the plasma density is high, but the plasma tends to be localized, 
thus making it difficult to form a large-area film, as described above. On the other hand, in the RF discharge (usually 
1 3.56 MHz) , the plasma is likely to spread so as to make it possible to form a large-area film, but the plasma density is low. 

20 Thus, the inventor tried forming diamond by a CVD method using plasma discharge at a frequency in an intermediate 
region between those in the above two methods, particularly in the region of from 40 MHz to 250 MHz, preferably in the 
region of from 80 MHz to 200 MHz, in order to form high-density plasma in a wide region. As a result, it was found that 
plasma could be generated in a wide region and at a high plasma density, whereby diamond crystals could be formed 
at a high forming rate and in a large area. A method for applying a high-frequency wave in this frequency region includes 

25 those using discharge with a capacitive coupling electrode or discharge with an inductive coupling electrode, etc. The 
present invention employs the inductive coupling electrode for the method for applying the high-frequency wave, thereby 
forming plasma at a further high density and thus improving the forming rate of diamond crystals. 

If the frequency of the high-frequency wave applied in the plasma CVD method of the present invention is lower 
than 40 MHz, high diamond crystal forming rates cannot be obtained because of impact of ions having high energy such 

30 as at least 1 00 eV, and crystallinity is degraded. On the other hand, if the frequency of the high-frequency wave is higher 
than 250 MHz, transmission losses of high-frequency power increase, so that the plasma cannot be stably generated. 

Synthesis of diamond by the CVD method is carried out under a relatively high pressure (preferably at least 1 0 Pa) 
as compared with the general CVD methods. The inductive coupling discharge method according to the present invention 
can realize stabler discharge than the capacitive coupling discharge method, and thus is suitable for long-time diamond 

35 synthesis. This is because the discharge using the capacitive coupling discharge method under a relatively high pressure 
(preferably at least 10 Pa) is likely to give rise to abnormal discharge between electrodes, particularly in the frequency 
band of the present invention (40-250 Hz); in contrast, the abnormal discharge can be suppressed by using the inductive 
coupling discharge method, whereby a stable discharge state can be formed, thus achieving good uniformity of film 
thickness. 

40 Further, it is generally said that it is more difficult for the inductive coupling discharge method to form a large-area 
film than for the capacitive coupling discharge method. However, in the frequency band of the present invention (40-250 
Hz), stability of discharge is high and great electric power of the high-frequency wave can be supplied stably, whereby 
it becomes possible to form diamond in a larger area and at a higher forming rate than those of the capacitive coupling 
discharge method. 

45 Furthermore, by using the inductive coupling discharge method of the present invention, the substrate can be heated 
by inductive coupling heat without heating by a heater or the like. This is particularly effective in deposition of diamond, 
which requires a relatively high substrate temperature (preferably at least 400 °C). 

As described above, the method of the present invention applies the inductive coupling discharge method and also 
selectively applies a specific high-frequency band (40-250 MHz) to forming a diamond film by the plasma CVD method, 
50 whereby a uniform diamond film having excellent properties can be formed on a stable basis. 

Further, in the present invention, a magnetic field is applied to the vicinity of the substrate and/or a positive bias 
voltage is applied to the substrate during formation of diamond, whereby diamond crystals can be formed at a higher 
forming rate. 

The following method and conditions are preferred as the method and conditions for applying the magnetic field 
55 according to the present invention. First, when a usual divergent magnetic field is used in the method for applying the 
magnetic field, the strength of the magnetic field in the vicinity of the substrate is at least 150 gausses, preferably at 
least 200 gausses. A magnetic field weaker than 1 50 gausses will fail to achieve the effect of improvement in the diamond 
forming rate based on the improvement in the plasma density. 
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In addition, application of the positive bias voltage to the substrate during formation of diamond in the present 
invention decreases impact of ions to the substrate and the diamond crystal deposited thereon, and also effects appro- 
priate irradiation thereof with electron beams, which is effective in improving a growth rate and crystal linity of diamond 
crystals. The optimum value of application condition of the positive bias voltage differs depending on the frequency of 

5 high-frequency wave, the high-frequency power, the pressure, etc., but it is between 20 V and 50 V both inclusive, 
preferably between 25 V and 45 V both inclusive. There are some cases where the substrate and the diamond film are 
etched by impact of ions in plasma with application of a positive bias voltage lower than 20 V or application of a negative 
bias voltage, so as to considerably reduce the forming rate of diamond film or to form no diamond film at all. Further, if 
the voltage is higher than 50 V, the irradiation of electron beams to the substrate becomes increased to raise the substrate 

10 temperature abnormally which could be an inhibiting factor against the diamond formation. 

A carbon source in the starting gas used in the formation of diamond film of the present invention as described 
above may be a hydrocarbon gas such as methane, ethane, ethylene, acetylene, etc., liquid organic compound such as 
an alcohol, acetone, etc., carbon monoxide, or a halogenated carbon, etc. Further, a gas containing hydrogen, oxygen, 
chlorine or fluorine can be optionally added. Generally, the starting gas is a gas mixture in the ratio of hydrogen and the 

is carbon source gas, which are main components in the starting gas, of from 1 :0.001 to 1:1. For forming semiconductor 
diamond, a gas containing boron is added to the starting gas to obtain p-type semiconductors while a gas containing 
phosphorus or lithium, sodium, etc. is added to obtain n-type semiconductors. Furthermore, when a liquid organic com- 
pound evaporated is used as the carbon source, either one of boron, phosphorus, lithium, or sodium as listed above, or 
a compound thereof can be added into the liquid organic compound. 

20 The substrate temperature is, for example, in the range of from 300 °C to 1 200 °C, preferably from 400 °C to 1 000 °C. 
The pressure is, for example, in the range of from 1 Pa to 1 0 4 Pa, preferably from 1 0 Pa to 8 x 1 0^ Pa, more preferably 
from 102 Pa to 5 x 103 Pa. 

Fig. 1 shows an embodiment of the plasma CVD apparatus used in the present invention. In the apparatus of the 
present invention, a quartz reactor 1 , arranged as capable of reducing the pressure therein, encloses a substrate holder 
25 2, arranged as capable of heating and cooling the substrate and applying the substrate bias voltage to the substrate, 
and a substrate 3. An inductive coupling coil 4 is disposed outside the reactor, and is connected to an unrepresented 
high-frequency power supply via a matching circuit 5. A magneticf ield applying means 6 is disposed outside the inductive 
coupling coil 4 in order to apply a magnetic field in the direction perpendicular to the substrate surface. Further, reference 
numeral 7 is a power supply for the substrate bias voltage. Reference numeral 8 designates a gas supply port, to which 
30 a valve, a gas cylinder, and a gas-flow-rate regulator, not shown, are connected. Reference numeral 9 denotes a vacuum 
exhaust port, to which a valve, a turbo-molecular pump, and a rotary pump, not shown, are connected. 

Fig. 1 shows a 3-winding inductive coupling coil, but it is noted that the shape of coil, the number of windings, the 
layout, etc. in the present invention are not limited to those shown in Fig. 1. For example, the number of windings can 
be from 1 to 10 windings, and a plurality of coils can be further arranged in a line to enlarge the plasma-forming region, 
35 whereby diamond crystals can be formed on a long-size substrate. 

The present invention will be described in further detail with reference to examples to follow. 

EXAMPLE 1 

40 A diamond crystal was formed, using the CVD apparatus as shown in Fig. 1 , in this example. 

Before forming diamond crystals, a dependence of plasma density on frequency was measured by the well-known 
two point probe method. Plasma was generated at various frequencies to measure plasma densities, using the starting 
gas composed of hydrogen: 200 ml/min, methane: 2 ml/min, and oxygen: 0.5 ml/min, the pressure of 50 Pa, and the 
high-frequency power of 500 W. Results thus obtained are shown in Fig. 2. When the frequency is less than 40 MHz, 

45 the plasma density is less than 1 x 10 11 /cm3. The plasma density increases above the frequency of 40 MHz as a border. 
The plasma density becomes about 1 0 1 2 /cm3 at about 80 MHz, and tends to be saturated when the frequency exceeds 
80 MHz. Further, when the frequency exceeds 200 MHz, transmission losses of high-frequency power increase. Fur- 
thermore, when the frequency exceeds 250 MHz, generation of plasma becomes unstable and it becomes impossible 
to carry out continuous operation over 30 minutes. 

50 Next, diamond was formed while the frequency of high-frequency wave was fixed at 100 MHz. A monocrystalline 
silicon substrate (diameter: 4 inches, thickness: 400 |mm) was used as the substrate 3 and was heated to 750 °C with a 
heater. The other conditions were the same as those in the measurement of the plasma density. Further, the substrate 
was kept at the earth potential and no magnetic field was applied to the substrate. Formation of diamond was continued 
for 10 hours to obtain a polycrystalline diamond film in the film thickness of about 2.5 jxm. Here, variations of the film 

55 thickness was within ±10 %, which was acceptable. 
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EXAMPLE 2 

Diamond crystals were synthesized at various frequencies, using the CVD apparatus as shown in Fig. 1. 
The forming conditions were as follows: the starting gas was composed of hydrogen: 400 ml/min, methane: 4 ml/min, 
5 and oxygen: 1 ml/min; the pressure was 500 Pa; and the high-frequency power was 720 W. A monocrystalline silicon 
substrate (diameter: 4 inches, thickness: 400 |nm) was used as the substrate 3 and the substrate 3 was heated with a 
heater. Further, the substrate bias voltage was set to the potential of 25 V and the magnetic field was set to 180 gausses 
near the substrate. The formation period was 8 hours. Film thicknesses and discharge stabilities of diamond films formed 
are listed in Table 1 . 

10 

TABLE 1 





Discharge Frequency 


Film Thickness 


Discharge Stability 


Sample 1 


42 MHz 


2 jxm 


AA 


Sample 2 


100 MHz 


4 |im 


AA 


Sample 3 


200 MHz 


4 |J.m 


A 


Sample 4 


250 MHz 


3 pirn 


B 


Sample 5 


27 MHz 


not more than 1 jutm 


AA 


Sample 6 


280 MHz 


no film formed 


C 


AA: Very stable discharge 
A: Stable discharge 
B: Practically usable discharge 
C: Unstable discharge 



As shown in Table 1 , in Samples 1 -4, diamond crystals were able to be formed at high forming rates and on a stable 
30 basis by adjusting the discharge frequency in the range of from 40 to 250 MHz in the inductive coupled plasma CVD 
method. Further, uniformity of the film thickness was as good as within ±10 %. 

The growing rate of diamond crystals was low in Sample 5, and formation of diamond was difficult in Sample 6 
because discharge was not stable. 

35 EXAMPLE 3 

This example observed a dependence on application of magnetic field, of formation of diamond film by the plasma 
CVD method employing the inductive coupling discharge. The conditions for synthesis of diamond were the same as 
those in Example 1 . Further, the substrate was kept at the earth potential and the formation period was 10 hours. Table 
40 2 shows film thicknesses of diamond crystals formed. 



TABLE 2 





Strength of Magnetic Field 


Film Thickness 


Sample 7 


100 Gausses 


2.5 jLim 


Sample 8 


150 Gausses 


4.1 jLim 


Sample 9 


200 Gausses 


5.0 JLim 


Sample 10 


300 Gausses 


5.1 JLim 



As seen from Table 2, the film thickness tends to increase as the strength of magnetic field increases over 150 
gausses. This is conceivably because the application of magnetic field increased the plasma density. 

55 

EXAMPLE 4 

This example observed a dependence on application of the bias voltage to the substrate, of formation of diamond 
film by the plasma CVD method employing the inductive coupling discharge. 
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The forming conditions were the same as those in Example 1 except that the substrate bias voltage was applied to 
the substrate. Table 3 shows the results. Here, crystallinities of diamond layers obtained were evaluated by the Raman 
spectral analysis. According to the Raman spectral analysis, a peak of diamond crystals appeared around 1333 cm" 1 
as a sharp peak, and amorphous carbon or graphite carbon showed broad peaks around 1350 cm" 1 and 1580 cm" 1 . 

5 In the present invention, the crystallinity was evaluated by existence of the peak of diamond crystal (1333 cm" 1 ) and 
the peak of amorphous carbon or graphite carbon (1580 cm" 1 ), and the ratio thereof (1333 cm" 1 /1580 cm" 1 ). When 
the ratio 1333 cm" 1 /1580 cm" 1 was 2 or more, the crystallinity was evaluated as very good (AA). When the ration was 
not less than 1 , the crystallinity was evaluated as good (A). When the ratio was less than 1 and the peak of diamond 
crystal was able to be recognized, a sample was regarded as showing crystallinity (B). Further, when no peak of diamond 

10 crystal was confirmed, a sample was regarded as showing no crystallinity (C). 



TABLE 3 





Bias Voltage to Substrate 


Film Thickness 


Crystallinity 


Sample 1 1 


-20 V 


not more than 1 juim 


C 


Sample 12 


0 V 


2.5 |uim 


B 


Sample 13 


+10 V 


2.5 Jim 


B 


Sample 14 


+20 V 


4.0 |nm 


A 


Sample 15 


+40 V 


5.1 jum 


AA 


Sample 16 


+50 V 


4.2 jim 


A 


Sample 1 7 


+60 V 


3.1 Jim 


B 


AA: Very good crystallinity 
A: Good crystallinity 
B: Showing crystallinity 
C: Showing no crystallinity 



30 

As seen from Table 3, an increase in the growing rate and an improvement in crystallinity were confirmed in the 
range of the substrate bias voltage between 20 V and 50 V. 

35 EXAMPLE 5 

This example observed effects of combination of application of the bias voltage to the substrate with application of 
the magnetic field to the vicinity of the substrate. Diamond crystals were formed in the same manner as in Example 1 
except that the substrate bias voltage was set to 40 V and that the magnetic field was set to 200 gausses near the 
40 substrate. The film thickness was 7.2 jum, and according to the Raman spectral analysis, the ratio of peaks of diamond 
crystals and amorphous carbon or graphite carbon (1333 cm"V1580 cm" 1 ) was 2 or more, thus showing very good 
crystallinity. This example confirmed improvements in the diamond forming rate and the crystallinity by the combination 
of application of the substrate bias voltage with application of the magnetic field to the vicinity of the substrate. 

45 EXAMPLE 6 

A semiconductor diamond film was formed in this example, using the apparatus as shown in Fig. 1 and further using 
application of the substrate bias voltage and application of the magnetic field. The substrate was a silicon substrate (3 
inches, thickness: 500 jum) and the starting gas was composed of H 2 gas: 100 ml/min, CO (carbon monoxide) gas: 4 

so ml/min, and B 2 H 2 (diborane, 100 ppm hydrogen -diluted) gas: 2 ml/min. The pressure was 150 Pa, the magnetic field 
was 200 gausses in the vicinity of the substrate, and the substrate bias voltage was 28 V. Further, the frequency of the 
high-frequency wave was 100 MHz and the high-frequency power was 500 W. The substrate temperature was kept at 
820 °C and the period of synthesis was 10 hours. A diamond thin film was formed in the thickness of about 5.2 jum on 
the substrate. The diamond film had the electrical resistivity of about 10 Qcm, which showed p-type semiconductor 

55 properties. 
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EXAMPLE 7 

In this example, a plurality of inductive coupling coils (three coils in the figure) were used, as shown in Fig. 3, to 
form a coating on a long-size sample. In Fig. 3, a substrate holder 32, arranged as capable of applying the substrate 

s bias voltage, and a substrate 33 are disposed in a quartz reactor 31 arranged as capable of reducing the pressure 
therein. Inductive coupling coils 34, 35 and 36 are disposed outside the reactor, and are connected to a high-frequency 
power supply, not shown, via matching circuits 37, 38 and 39, respectively. Further, a magnetic field applying means 40 
is disposed outside the inductive coupling coils in order to apply a magnetic field in the direction perpendicular to the 
substrate surface. Reference numeral 41 represents a power supply for the substrate bias voltage. Reference numeral 

10 42 denotes a gas supply port, to which a valve, a gas cylinder, and a gas-flow-rate regulator, not shown, are connected. 
Reference numeral 43 designates a vacuum exhaust port, to which a valve, a turbo molecular pump, and a rotary pump, 
not shown, are connected. The substrate was a pipe (diameter: 2 cm, length: 40 cm) made of molybdenum and the 
starting gas was composed of H 2 gas: 200 ml/min and CO (carbon monoxide) gas: 10 ml/min. The pressure was 400 
Pa, the magnetic field was 220 gausses in the vicinity of the substrate, and the substrate bias voltage was 32 V. Further, 

15 the frequency of the high-frequency wave was 1 20 MHz and the voltage of 650 W was supplied to each inductive coupling 
coil. The substrate was heated at 800 °C by plasma formed. A diamond thin film was formed in the thickness of about 
5 |nm on the substrate for the synthesis period of 8 hours. Here, variations of film thicknesses of the diamond film formed 
on the substrate were within ±10 %, which was very good. 

Diamond crystal thin films can be formed at high forming rates and in large areas by the present invention. Such a 

20 method for forming diamond crystals is excellently applicable to methods for forming electronic materials, cutting tools, 
and wear-resisting members, and the industrial value thereof is high. 

In a method for forming a diamond film by a high-frequency plasma CVD method, an inductive coupling discharge 
is used and the frequency of a high-frequency wave is set in the range of from 40 to 250 MHz, whereby a starting gas 
containing carbon is decomposed in a plasma state and a diamond film is formed on a substrate. 

25 

Claims 

1 . A method for forming a diamond film by a high-frequency plasma CVD method, which comprises: 

applying an inductive coupling discharge, and 
30 setting a frequency of a high-frequency wave in the range of from 40 to 250 MHz, thereby decomposing a 

starting gas containing carbon in a plasma state to form a diamond film on a substrate. 

2. The method for forming a diamond film according to Claim 1 , wherein a magnetic field is applied to the vicinity of 
the substrate to form the diamond film. 

35 

3. The method for forming a diamond film according to Claim 1, wherein a positive bias voltage is applied to the sub- 
strate to form the diamond film. 

4. The method for forming a diamond film according to Claim 1 , wherein a magnetic field is applied to the vicinity of 
40 the substrate and a positive bias voltage is applied to the substrate to form the diamond film. 

5. The method for forming a diamond film according to Claim 2, wherein a strength of the magnetic field is set to at 
least 150 gausses in the vicinity of the substrate to form the diamond film. 

45 6. The method for forming a diamond film according to Claim 4, wherein a strength of the magnetic field is set to at 
least 150 gausses in the vicinity of the substrate to form the diamond film. 

7. The method for forming a diamond film according to Claim 3, wherein the positive bias voltage to the substrate is 
set in the range of from 20 V to 50 V to form the diamond film. 

50 

8. The method for forming a diamond film according to Claim 4, wherein the positive bias voltage to the substrate is 
set in the range of from 20 V to 50 V to form the diamond film. 

9. The method for forming a diamond film according to Claim 1 , wherein a temperature of the substrate is set in the 
55 range of from 300 °C to 1 200 °C. 

1 0. The method for forming a diamond film according to Claim 1 , wherein a pressure is set in the range of from 1 Pa to 
104 Pa. 



7 



EP 0 693 575 A1 

1 1 . The method for forming a diamond film according to Claim 1 , wherein a pressure is set in the range of from 1 0 Pa 
to 8x103 Pa. 

1 2. The method for forming a diamond film according to Claim 1 , wherein at least two inductive coupling coils are used 
to form the diamond film. 
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FIG. 2 




FREQUENCY OF HIGH-FREQUENCY WAVE 
(MHz) 
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